This study reports the pico-and femtosecond laser-induced photocrosslinking of protein microstructures. The capabilities of a picosecond Nd:YAG laser to promote multiphoton excited crosslinking of proteins were evaluated by fabricating 2D and 3D microstructures of avidin, bovine serum albumin (BSA) and biotinylated bovine serum albumin (bBSA). The multiphoton absorption-induced photocrosslinking of proteins was demonstrated here for the first time with a non-toxic biomolecule flavin mononucleotide (FMN) as the photosensitizer. Sub-micrometer and micrometer scale structures were fabricated from several different compositions of protein and photosensitizer by varying the average laser power and scanning speed in order to determine the optimal process parameters for efficient photocrosslinking. In addition, the retention of ligand-binding ability of the crosslinked protein structures was shown by fluorescence imaging of immobilized biotin or streptavidin conjugated fluorescence labels. The surface topography and the resolution of the protein patterns fabricated with the Nd:YAG laser were compared to the results obtained with a femtosecond Ti:Sapphire laser. Quite similar grain characteristics and comparable feature sizes were achieved with both laser sources, which demonstrates the utility of the low-cost Nd:YAG microlaser for direct laser writing of protein microstructures.
Introduction
Direct laser writing (DLW) by multiphoton polymerization (MPP) is a laser-based rapid prototyping technique capable of fabricating two-(2D) and three-dimensional 6 Author to whom any correspondence should be addressed.
(3D) microstructures with sub-diffraction limit resolution. Typically, the process is based on the optical phenomenon of multiphoton absorption (MPA). In MPA, the simultaneous absorption of two or more photons in a photosensitive resin triggers chemical reactions between photoinitiator molecules and monomers resulting in the polymerization of the photoresist [1] [2] [3] [4] [5] . The nonlinear intensity dependence of MPA localizes the excitation and the following polymerization of the resin within the focal volume of the laser beam. Thus, the technique enables the fabrication of features with lateral resolutions below 100 nm, well beyond the diffraction limit of light [6] . Arbitrary 3D microstructures can be fabricated by slicing CAD data into suitable layers in the z direction to generate 2D scanning paths. Each sliced layer is then polymerized by accurately positioning the laser beam focus in the bulk of the photoresist along the desired scanning path. The location of the laser beam along z-axis is translated between the individual layers. These two phases are then repeated layer by layer until the complete design of the microstructure has been scanned. Afterwards, free-standing structures are obtained by washing away the unpolymerized material [7] .
Very high peak intensity but low average power is required to launch MPA and to minimize thermal damage of the photopolymerizable material. Commonly, this requirement for photon density is met by utilizing Ti:Sapphire lasers as light sources for MPP. These lasers emit at infrared wavelengths and are capable of producing pulses with widths of several tens of femtoseconds (fs) [8] . However, these lasers cannot be directly diode-pumped and the need for additional pump lasers makes Ti:Sapphire lasers expensive and cumbersome to be widely used for research purposes in materials science and biomedical engineering laboratories. Consequently, some research groups have already utilized more affordable laser source options and introduced visible wavelength picosecond lasers to MPP. It has been shown that the transient power of some frequencydoubled, Q-switched Nd:YAG microchip lasers is high enough to launch MPA in a handful of synthetic [9] [10] [11] [12] [13] and proteinbased materials [14] [15] [16] . Recently, the MPP capability of a high-repetition-rate (36.6 kHz) microchip Nd:YAG laser has been compared to the performance of a lower repetition rate laser (8.24 kHz) by fabricating simple, multilayered protein micropads from bovine serum albumin (BSA) with flavin adenine dinucleotide (FAD) as a photosensitizer [12] . Also, the generation of 3D polymer-protein hybrid structures of photosensitive diacrylate prepolymer and BSA with a small footprint, turn-key Nd:YAG laser source has been demonstrated [17] . Yet in another study by Engelhardt et al, the beneficial properties of proteins were combined with the mechanical stability of artificial gelatin methacrylamide (Gel-MAAm) by fabricating microscopic filter systems with a polymer backbone and BSA membranes. In addition, the cell guidance capability of Gel-MAAm 2D microstructures was demonstrated with a cell adhesion assay of porcine chondrocytes [18] .
Many proteins can form inter-and intramolecular covalent crosslinks via irradiation of a suitable photosensitizer [19, 20] . Although the mechanisms involved in the photocrosslinking of proteins are not well understood, the crosslinking is believed to proceed either via free radical formation (type I) [19, 21] or via singlet oxygen generation (type II) [22, 23] depending, e.g., on the sensitizer, the reaction conditions and the wavelength and intensity of the exciting light. The singlet oxygen or the radicals interact with photooxidizable amino acid residues such as tyrosine, cysteine, histidine and tryptophan in one protein molecule to form products that react with residues in another protein molecule to promote crosslinking [24, 25] . Naturally occurring flavin mononucleotide (FMN) has been shown to sensitize crosslinking by type I and II mechanisms depending on the pH conditions. The FMNsensitized photooxidation at pH < 8 is probably mediated by mechanisms that do not involve singlet oxygen. Instead, the reaction involves the formation of a long-lived triplet state FMN, which in turn can abstract an electron (or an H atom) from the protein to generate radicals of the sensitizer and the protein [26, 27] . The excitation of FMN to triplet state can also be achieved via absorption of the combined energy of two or multiple photons, as in the case of MPA-induced photocrosslinking. In fact, another flavin cofactor, FAD, has previously been successfully utilized as a photosensitizer for MPP of BSA and bovine heart cytochrome c (cyt c) induced by picosecond lasers [12, 14] . The shape of the two-photon excitation (TPE) spectrum of FAD is similar to that of FMN, but the TPE action cross-sections of FAD are approximately nine times smaller than that of FMN [28] . For example, FMN has the maximum TPE action cross-section of ∼0.8 GM at 700 nm [29] , whereas FAD has the maximum peak of 0.085 GM at 720 nm [30] . Thus, as FMN can be more efficiently excited than FAD at least with the Ti:Sapphire laser operating at the infrared (IR) region, it was selected as the photosensitizer for this MPP study in order to enhance the crosslinking rate of the proteins.
The precise control of the cellular architecture is vital for creating engineered tissue constructs. For example, functional nerves and blood vessels can form only when the cells are highly organized in a specific manner [31] . Cellular adhesion, proliferation and differentiation in vitro can be guided by topographical and chemical cues. Thus, photocrosslinked nano-and microscale protein topographies with biological activity offer a great opportunity to control the spatial organization of cells by affecting the cell-matrix interactions in cell culture [32] [33] [34] . However, as the fabrication speed of protein structures via MPP is very slow, the approach will probably be limited to experiments studying cell-matrix or cell-cell interactions in low cell number samples instead of creating true macroscopic tissue engineering scaffolds.
In this study, we take some fundamental steps towards creating bioactive protein cues with a compact, low-cost laser source. These protein topographies can be used for cell growth guidance purposes as already demonstrated for Chinese Hamster Ovary cells [15] , primary human dermal fibroblasts [33, 35] , rat brain cortical cells [14, 32] , neuroblastomaglioma (NG108-15) cells [32] , rat dorsal root ganglion cells and rat hippocampal neural progenitor cells [34] . However, instead of well-established line cells or cells of animal origin, our future intention is to utilize protein topographies crosslinked via MPP for creating patterned neural networks from neurons differentiated from human embryonic stem cells (hESC). The capabilities of a picosecond pulsed Nd:YAG microlaser to promote MPA-induced photocrosslinking of proteins are evaluated by crosslinking simple 2D surface structures of avidin, bovine serum albumin (BSA) and biotinylated bovine serum albumin (bBSA). In order to determine the optimal process parameters for efficient fabrication, the photocrosslinking of several different protein and photosensitizer concentrations is reported. In addition, the effects of the average laser power and scanning speed on the ligand-binding ability of the avidin-biotin complex are described. The achievable feature size of the structures and the performance of the Nd:YAG laser are also compared to a femtosecond Ti:Sapphire laser commonly utilized as a laser source for DLW. Also, the 3D fabrication ability of the Nd:YAG laser is demonstrated by fabricating simple woodpile microstructures.
Experimental methods

Fabrication setup
Two different fabrication setups were used for the fabrication of protein structures. The configuration based on the Nd:YAG laser has been described previously [36] . Briefly, a frequencydoubled (532 nm) diode-pumped Q-switched Nd:YAG laser (PULSELAS-P-1064-300-FC, Alphalas GmbH, Germany) with a pulse duration of 800 ps, maximum repetition rate of approximately 8 kHz and an average output power of 100 mW, was utilized. The beam was scanned in x-y direction with a fast steering mirror (FSM-300, Newport Corporation, USA) and in z direction with a piezoelectric objective lens positioning system (Mipos 250 SGEX, Piezosystem Jena GmbH, Germany). The sample exposure was controlled with a fast electronic shutter (Oriel 76992, Newport Corporation, USA). The laser output power was attenuated to a suitable crosslinking power of 0.71-6.09 mW measured at the back aperture of the objective. The beam was directed into a 50× oil immersion objective (NA = 0.90, Meiji Techno, Japan) situated on an upright Nikon microscope (ECLIPSE ME 600, Nikon, Japan). The objective had a transmission rate of approximately 30%. The laser beam focal spot radius was estimated at 433 nm [36] , which yields the peak focal intensity of 277-321 GW cm −2 for the average laser power of 0.71-6.09 mW.
The fabrication setup based on the Ti:Sapphire femtosecond laser (FEMTOSOURCE TM FUSION TM 20, FEMTOLASERS Produktions GmbH, Austria) operating at 800 nm has been described previously [37, 38] . In brief, the laser generated sub-20 fs pulses at the focal spot in the air (measured using an autocorellator) with a repetition rate of 75 MHz and maximum output power of 450 mW. The beam movement was achieved with an x-y galvanometric mirror digital scanner (hurrySCAN R II, SCANLAB AG, Germany) and on the z-axis with a three-axis linear encoder stage (Physik Instrumente GmbH & Co. KG, Germany). The beam was controlled using a mechanical shutter (Uniblitz, USA) and the laser power was adjusted by a motorized attenuator (ALTECHNA Co. Ltd, Lithuania) to an appropriate crosslinking power of 38-123 mW measured before the objective. A high numerical aperture 100× objective lens (NA = 1.40, Zeiss, Germany) was used to focus the laser beam into a focal spot with a radius of 350 nm, which led to the peak intensity of 13-43 TW cm −2 at the focal spot. The overall transmittance of the laser beam measured after the objective was approximately 17% of the initial laser output power.
Materials and sample preparation
As a cofactor of vitamin B 2 [39] , FMN can be used as a non-toxic photosensitizer for protein crosslinking. It also has a suitable absorption spectrum for MPA-induced photocrosslinking at 532 nm and at 800 nm, which was verified by the measurement of the UV-Vis absorption spectrum (figure 1) of FMN dissolved in ion-exchanged water to a concentration of 0.1 mM. The spectrum was obtained with a Unicam UV 540 UV-Vis spectrometer (Thermo Spectronic, England) in the range of 190-900 nm. The absorption spectrum of FMN in water has four linear absorption maxima at 223, 267, 374 and 447 nm. Also, the photosensitizer exhibits no absorption above 527 nm but absorbs strongly in the UV region, where the two-photon absorption windows of the lasers utilized in this study lie.
Photocrosslinking of three different proteins with FMN as photosensitizer was investigated in this study. The BSA (Sigma-Aldrich Finland Oy, Finland) reagent solution contained 200 mg ml −1 of protein and 4 mM FMN (Sigma-Aldrich Finland Oy, Finland) in phosphate-buffered saline (PBS, pH ∼ 7.4).
BSA was biotinylated via reaction with biotinamidohexanoyl-6-aminohexanoic acid N-hydroxysuccinimide ester (Sigma-Aldrich Finland Oy, Finland) in a buffer consisting of 50 mM sodium phosphate and 100 mM NaCl (pH ∼ 7). bBSA was used as a solution containing 100 mg ml −1 of the protein with 0-4 mM FMN or together with BSA as a solution of 100 mg ml −1 bBSA and 100 mg ml −1 BSA with 0-4 mM FMN. Plain BSA was added to the solution to provide increased mechanical stability. Avidin (Belovo Chemicals, Belgium) was studied as solutions containing 50, 100, 200 or 400 mg ml −1 protein and 0-4 mM FMN in PBS.
Photofabrication of protein microstructures
The protein microstructures were fabricated in a chamber between a microscope slide and a coverslip with a 150 µm thick spacer. The chamber was filled with a protein solution and structures were crosslinked either downwards from the top cover glass or upwards from the bottom microscope slide depending on the fabrication setup in question. In order to enhance the adherence of the protein structures on glass, 3-aminopropyl triethoxysilanized microscope slides (Electron Microscopy Sciences, USA) were used in some occasions with the Nd:YAG laser setup to provide a hydrophobic substrate for the proteins. Simple 2D patterns, such as arrays of seven concentric squares spaced 2 µm apart with the outer square side length of 25 µm, were fabricated from each of the protein solution by varying the average laser power and scanning speed. With the Nd:YAG laser setup, scanning speeds of 5, 10, 20 and 40 µm s −1 and average laser powers of 0.71-6.09 mW were tested. The average laser power for the Ti:Sapphire laser setup was varied from 38 mW to 123 mW and the samples were scanned with speeds of 10, 20, 30, 40 and 50 µm s −1 . The fabrication of 3D structures was also attempted with the Nd:YAG system by crosslinking simple woodpile structures from BSA. The overall size of the CAD model of the woodpile was 40 × 40 × 10 µm. Fabrication of the 2D rods of the woodpile was executed by single line scans with a 5 µm distance between the scanning paths in the x-y direction and 1 µm between the scanning paths in the z direction. The scanning speed used for the woodpile fabrication was 10 µm s −1 and the average laser power was 5.67 mW. After crosslinking, all the fabricated structures were rinsed with ionexchanged water to remove the excess protein solution and photosensitizer.
SEM imaging
For SEM imaging, the protein samples were fixed in 5% (v/v) glutaraldehyde for 15 min, and then dehydrated by sequential wash for 15 min in ion-exchanged water, 1:1 ethanol/H 2 O, 100% (v/v) ethanol, 1:1 ethanol/methanol and 100% (v/v) methanol (twice). After overnight drying in a desiccator, the samples were sputter coated with gold in an argon atmosphere to a nominal thickness of 75 nm or 15 nm (S 150 Sputter Coater, Edwards Ltd, UK, or SCD 050 Sputter Coater, BAL-TEC AG, Liechtenstein). The samples were imaged using either a Philips XL-30 (Philips Electron Optics, the Netherlands) or a JEOL JSM-6390 LV (JEOL Ltd, Japan) scanning electron microscope with an acceleration voltage of 5 kV or 10 kV.
Fluorescence imaging
For bioactivity studies, avidin microstructures were incubated in 2 µM DY-634-Biotin label (Dyomics GmbH, Germany) and bBSA structures in 20 µg ml −1 DyLight R 649 Streptavidin conjugate (Vector Laboratories, Inc., USA) for 30 min. The previously reported washing procedures [14, 35, 40] to remove the excess fluorescence label suggest that rinsing the sample few times with buffer solution should have been adequate. However, we found that 10 rinses with a Pasteur pipette were insufficient for eliminating the unbound label completely from the protein structures. Hence, a test series was performed to determine an effective protocol for the washing by labelling five samples of crosslinked BSA with 20 µg ml −1 DyLight R 649 Streptavidin conjugate. One sample was simply rinsed ten times with water and others were immersed in water for a total of 30 min, 1 h (water was changed after every 15 min), 2 h or 4 h (water was changed every 30 min). According to the fluorescence imaging results, it was found that even the 4 h immersion was not sufficient to remove the label completely from the 3D structures. However, the 1 h immersion was found adequate to significantly reduce the nonspecific fluorescence of the surface patterns. Thus, the bioactivity of protein structures was evaluated by immersing the labelled structures in ion-exchanged water for 1 h. Wide-field fluorescence imaging was performed on a Nicon Eclipse TS100 inverted microscope (Nikon, Japan) equipped with a mercury lamp excitation source and a 20× dry objective (NA = 0.40, Nikon, Japan). Fluorescence emission was collected by using a BrightLine R LF635-A-NQF filter set (Semrock, Inc., USA) and detected using a digital camera (SPOT RT TM SE6 Slider, Diagnostic Instruments, USA) with a 12-bit 1360 × 1024 Sony ICX-285AL CCD. Image acquisition was accomplished using SPOT Software 4.6 (Diagnostic Instruments, Inc., USA) and the data were processed with the NIH ImageJ image analysis software.
AFM imaging
Patterns of concentric squares of avidin, BSA and bBSA were also studied by non-contact mode atomic force (AFM) microscopy (XE-100, Park Systems Inc., USA). All measurements were performed using silicon probes (ACTa-910M, Applied NanoStructures Inc., USA) with a nominal resonance frequency of 300 kHz, spring constant of 4 N m −1 , a pyramid shaped tip (radius < 10 nm) and an aluminum reflective coating. Images were acquired with a scan speed of 0.15 or 0.40 Hz.
Results and discussion
Evaluation of processability and achievable resolution
Several different protein and photosensitizer concentrations as well as average laser power and scanning speed values were tested to determine the range of fabrication conditions suitable for protein crosslinking. With the Nd:YAG laser, avidin could be crosslinked into surface patterns only with the protein concentration of 400 mg ml −1 and photosensitizer content of 1-4 mM. In order to produce continuous protein lines, the scanning speed of either 5 or 10 µm s −1 had to be used regardless of the photosensitizer concentration. Scanning with the speed of 20 or 40 µm s −1 mainly produced discontinuous protein fragments. As for the laser power, even the average laser power of 0.71 mW led to adequate crosslinking of the avidin with the scanning speed of 5 µm s −1 . Higher laser power values (3.94-6.09 mW) led to the distortion of the protein patterns due to the tilting of the protein lines with a high aspect ratio.
The solution of 100 mg ml −1 of bBSA and 100 mg ml This dependence of the protein crosslinking efficiency on the photosensitizer concentration suggests that FMN is not regenerated during the reaction and thus the crosslinking of the proteins probably proceeds via a hydrogen abstraction mechanism (type I). The addition of a hydrogen atom to the triplet state FMN destroys its ability to generate long-lived triplet states and it no longer can act as a photosensitizer for the crosslinking reaction [41] . The speculation about the reaction mechanism being of type I is also supported by the experimental conditions (i.e., pH ∼ 7.4), which according to Spikes et al suggests that the FMN-sensitized photooxidation is mediated by mechanisms not involving singlet oxygen [26] .
Although BSA has previously been shown to crosslink also without any additional photosensitizer with picosecond Nd:YAG lasers (532 nm, ∼ 600 ps, 7.65 kHz; 532 nm 550 ps, 7 kHz) [14, 17] , in our experiments crosslinking was not observed when irradiating the solution of 100 mg ml −1 of bBSA and 100 mg ml −1 of BSA without the additional photosensitizer. This difference in crosslinking behaviour could be attributed to different laser peak intensities at the focal point of the laser setups utilized in these studies. However, it is impossible to reliably compare the laser intensities of these fabrication setups due to the variation in the measuring method of the average laser power (measurement before the objective versus after the objective). Most likely the maximum laser peak intensity of our laser system (∼300 GW cm −2 ) was not high enough to initiate MPP in the protein solution without the aid of an additional photosensitizer. Also, the pure bBSA (100 mg ml −1 with 0-4 mM FMN) crosslinked very poorly even with the slowest scanning speed and highest laser power. It was concluded that the protein concentration of 100 mg ml −1 was not high enough to produce uniform structures. The crosslinking efficiency of BSA was not thoroughly investigated but the protein was successfully crosslinked from a fabrication solution containing 200 mg ml −1 BSA and 4 mM FMN with an average laser power of 5.67 mW and a scanning speed of 10 µm s −1 ( figure 3(d) ).
Samples of avidin and BSA patterns were also AFM imaged ( figure 3(a) and (b) ) in order to assess the resolution and surface topography but it was concluded that the estimation of the line widths and heights could be done more reliably from the acquired SEM images. Furthermore, the resolution results presented here do not represent the absolute minimum or maximum values for the line width and height as the degree of line truncation under the glass substrate was not taken into account by performing an ascending scan [42] . Instead, the lines were fabricated at a randomly selected focal plane near enough the substrate surface to attach the protein lines to a solid support and thus preventing them from floating away during the development phase. SEM analysis of the surface structures crosslinked of 400 mg ml −1 avidin with 2 mM FMN (1.79 mW, 5 µm s −1 ) indicated that the average width of the thinnest lines was 266 nm ± 14 nm ( figure 3(c) ). According to the measurements made from a SEM image taken from a 45
• tilt, the average height of the lines was 548 nm ± 9 nm. This gives an average aspect ratio of 2.1 for the avidin lines. According to the SEM analysis of the concentric squares fabricated of the solution of 100 mg ml −1 bBSA and 100 mg ml −1 BSA with 4 mM FMN, the height of the surface adherent protein lines increased slightly from 1.39 µm ± 0.20 µm to 2.02 µm ± 0.39 µm as the average laser power increased from 1.84 mW to 5.67 mW. The original width of the lines could not be estimated because all the lines toppled over during the development procedure. Figure 3 (b) and (d) shows an AFM and a SEM image of a BSA structure (200 mg ml −1 BSA, 4 mM FMN) obtained by scanning the laser beam at 10 µm s −1 with the laser power of 5.67 mW. As can be seen from the figure 3(d) the protein lines had toppled over on their sides during the development phase and thus the original line width could only be estimated from the parts like the one marked with a black arrow. According to the SEM analysis, the average width of the BSA lines was 747 nm ± 101 nm and the height was 1.76 µm ± 0.16 µm resulting in an aspect ratio of 2.4. The achievable resolution for the crosslinked structures of avidin and BSA with a Nd:YAG laser has not been reported by others in detail, but according to Kaehr et al [14] the width of protein lines is typically less than 0.5 µm when using a laser power of 1 mW and about 0.75 µm at the laser power of 2 mW. Recently, Engelhardt et al [17] also reported that voxels polymerized of the BSA solution (400 mg ml −1 ) had a minimum height of approximately 1 µm at the average laser power of 2.1 mW measured after the objective. Thus, the line widths and heights of the protein structures achieved in this study correspond well to the previously reported values. In order to compare the processing capability of the low-cost Nd:YAG picosecond laser to the more commonly used femtosecond laser sources, protein structures were also fabricated with a Ti:Sapphire laser setup by varying the average laser power and scanning speed. Crosslinking of avidin was investigated with a fabrication solution containing 400 mg ml −1 avidin and 2 mM FMN. The laser beam was scanned with the speed of 10 µm s −1 and the average laser power was varied from 38 mW to 123 mW. Based on the measurements from SEM images, the width of the avidin lines increased only slightly as a function of the laser power, ranging from 204 nm ± 33 nm to 309 nm ± 28 nm. The height of the lines could only be measured from a few patterns since most of the SEM images were taken from above and not from a 45
• tilt. The lines fabricated with the laser power of 38 mW were found to have the average height of 304 nm ± 2 nm. This results in an aspect ratio of 1.5 for the avidin lines fabricated with the Ti:Sapphire laser, which is somewhat lower than the aspect ratio of the avidin lines fabricated with the Nd:YAG laser. However, this difference can be due to the difference in focusing height levels between the two experiments or it may result from the higher numerical aperture objective utilized with the Ti:Sapphire laser, which leads to more spherical shaped voxels instead of elongated spinning ellipsoids. The solution of 100 mg ml −1 bBSA and 100 mg ml −1 BSA with 4 mM FMN was studied by scanning the sample with a speed of 10-40 µm s −1 and by varying the laser power from 38 mW to 123 mW. An example of the fabricated square patterns is shown in figure 4 . In principle, the width of the protein lines decreased at faster scanning speeds although the slight variance in the initial focus position between patterns produced some inconsistency to the measurements. For example, lines fabricated with an average laser power of 56 mW had an average width of 421 nm ± 36 nm at a scanning speed of 10 µm s of 249 nm ± 26 nm, whereas lines fabricated with a power of 123 mW had a width of 267 nm ± 16 nm. Again, the measured dimensions suffered from some inconsistency due to the variance in the initial laser beam focus position. The line heights had values close to the line widths, thus resulting in an average aspect ratio of 0.66-0.85. The minimum resolution for BSA structures fabricated with a Ti:Sapphire laser has been reported to vary in the lateral direction from 250 nm (using a 1.3 NA lens) [32] to 600-700 nm (using a 0.75 NA lens) [35] , and in the axial direction from 1 µm (using a 1.3 NA lens) [43] to 3.5 µm (using a 0.75 lens) [44] . Thus, the line widths obtained in the current study are in good accordance with the previously reported results. The axial resolution is only about one fifth of the minimum line height published previously for BSA. However, this difference in heights probably results from the difference in focus positions and thus it cannot be considered as a significant result. Surprisingly, the Nd:YAG laser was able to produce avidin lines with a comparable lateral resolution with the Ti:Sapphire laser (266 nm versus 204 nm). However, the very small lateral dimensions of the protein lines crosslinked with the Nd:YAG laser led to the collapse of the structures during the post-fabrication rinsing phase. In the future, this problem could possibly be avoided by using an objective lens with a higher numerical aperture and by selecting the initial focal position more accurately. In contrast, the protein lines fabricated with the Ti:Sapphire laser had lower aspect ratios and thus the structures mainly withstood the rinsing procedure without deformation.
2D and 3D topography
The topography of the 2D and 3D crosslinked structures was analysed by comparing the SEM images of structures fabricated with the two different laser sources and different protein compositions. The SEM images revealed some differences in the surface topography of the different protein structures. Avidin appeared to form quite uniform and dense lines when processed either with the Nd:YAG ( figure 5(a) ) or with the Ti:Sapphire laser setup ( figure 5(b) ). The very high protein concentration (400 mg ml −1 ) enabling the efficient crosslinking of the protein and thus small mesh size of the matrix may have led to the formation of smooth surfaces of the avidin structures.
In contrast to avidin, the structures fabricated from a solution of 100 mg ml −1 bBSA and 100 mg ml −1 BSA with 2 mM or 4 mM FMN had more porous and highly textured surface topography, as seen in figure 6 . Similar grain structure results have also been reported previously for a solution of BSA (1.5 × 10 −4 M) with Rose Bengal (1 × 10 −4 M) as photosensitizer [41] . Especially, the patterns photocrosslinked with the Nd:YAG laser showed highly textured surfaces. The difference could be explained by the reduced crosslinking density of the more dilute BSA solution compared to the more concentrated avidin solution. The Ti:Sapphire laser setup produced structures with somewhat less porous texture than the Nd:YAG laser, as can be seen from figure 6(b). Similar difference in grain characteristics of BSA (200 mg ml −1 , 4 mM Rose Bengal) has also been discovered by Kaehr et al in their experiments with Nd:YAG (average power, 0.5 mW) and Ti:Sapphire lasers (average power, 11 mW) [14] .
The structures crosslinked of pure BSA showed similar surface topography as the structures fabricated from the solution of bBSA and BSA. Figure 7 shows an example of a star-shaped BSA surface pattern fabricated with the Ti:Sapphire laser from a solution containing 200 mg ml
BSA with 4 mM FMN. Overall, the Ti:Sapphire laser allowed the fabrication of the continuous protein patterns with 2-to 10-fold faster scanning speeds in comparison to the scanning speeds used with the Nd:YAG laser. This is likely due to the much higher repetition rate (75 MHz versus 8 kHz) and approximately 90-fold higher peak power of the Ti:Sapphire laser compared to that of the Nd:YAG laser, which enables more efficient crosslinking of proteins by creating favourable circumstances for the multiphoton absorption to occur.
3D fabrication was also demonstrated by crosslinking BSA into a simple woodpile structure with the Nd:YAG laser ( figure 8 ). The size of the 3D structures that can be fabricated in a single scan with our Nd:YAG laser setup is limited to 310 µm in the x direction and 220 µm in y direction by the scanning range of the fast steering mirror with the 50× objective. In principle, the scanning range in the z direction is restricted by the maximum deflection of the piezoelectric positioning system (250 µm), but in practice it is limited by the height of the fabrication chamber (150 µm). If structures covering larger areas than a single scan plane are desired, multiple lateral planes can be quilted together into larger patterns as proposed by Nielson et al [43] . However, in our current experiment, this was not attempted as a very low scanning rate of 10 µm s −1 was required to produce uniform matrices with the selected protein and photosensitizer concentrations leading to a time-consuming fabrication process. The crosslinked BSA structure reproduced the CAD image of the woodpile in the x-y direction quite accurately although in the z direction, the individual rods fused together instead of forming separate layers of rods. The dimensions of the CAD model were 40 × 40 × 10 µm and according to the measurements from the SEM image, the glass-bound bottom part of the fabricated structure had virtually no dimensional changes. However, the top part of the woodpile shrank from 40 µm to 35 µm, thus having a maximum shrinkage strain of 13%. The anisotropic shrinkage is a result of the uneven shrinkage rates of the top and bottom parts of the woodpile during the development and dehydration procedures due to the attachment of the bottom part to the glass substrate. The measured height of the woodpile was only about 5.3 µm, which gives a maximum shrinkage strain of 47% in the z direction. The pronounced collapse of the structure could be a result of the non-ideal inter-layer distance in the z direction, which in the original CAD model was 1 µm. Utilization of smaller layer spacing could have resulted in less sponge-like surface texture and thus mechanically more stable woodpile. The shrinkage of hydrophilic protein microstructures during drying phase as the trapped water evaporates is a common disadvantage related to mechanically weak 3D protein structures. The shrinkage phenomenon was also described by Engelhardt et al as they fabricated BSA cubes (150 mg ml −1 , 3 mM Rose Bengal) with a femtosecond Ti:Sapphire laser [18] . The edges of the cube shrank from 50 µm to 30 µm, which corresponds to a shrinkage strain of 40%. Hence the cube had a greater shrinkage value in the x-y direction than the woodpile structure fabricated in our study, which is probably a result of lower protein concentration and thus lower crosslinking density used for crosslinking the cube. In future experiments, the shrinkage of the fabricated structures during the solvent removal could also be reduced by using either a freeze drying or a critical point drying process instead of the ethanol-methanol dehydration procedure. This would help to eliminate the collapsing force owing to the pressure difference due to the surface tension of the volatile rinsing material. Fluorescence image of an array of concentric squares fabricated with the Nd:YAG laser from 400 mg ml −1 avidin with 2 mM FMN by varying the average laser power and scanning speed and subsequently stained with the DY-634-biotin label. Corresponding plots represent the surface intensity profiles for square pattern sets cross-linked with a constant average laser power by varying the scanning speed. The data were created by using an exposure of 5.26 s without binning.
Retention of ligand-binding ability of the avidin-biotin complex
It is important to verify whether the bioactivity of proteins is retained during the exposure to the high laser intensities required for efficient MPA of the photosensitizer. For example, it has been shown that endogenous proteins in living cells can become denatured due to accidental two-and three-photon absorption when exposed to the irradiation from a Ti:Sapphire laser with a pulse width of 190 fs, wavelength of 840 nm and a pulse repetition rate of 82 MHz [45] . Thus, fluorescence imaging was used as a qualitative tool to show that the microfabricated patterns of avidin and bBSA retained their ability to bind either biotinylated or streptavidin conjugated fluorescence labels after photocrosslinking with the Nd:YAG laser. Of course, the limitation of this simple assay is its inability to prove that the entire protein has been preserved in its native conformation; instead it only shows that the ligand-binding sites of the protein are still functional. Arrays of surface bound concentric squares were fabricated from 400 mg ml −1 avidin with 1 mM, 2 mM or 4 mM FMN, from 100 mg ml −1 bBSA with 1 mM, 2 mM or 4 mM FMN and from the solution of 100 mg ml −1 bBSA and 100 mg ml −1 BSA with 1 mM, 2 mM or 4 mM FMN. Each set of squares was crosslinked with a different combination of process parameters (i.e. average laser power and scanning speed). A representative fluorescence image (figure 9) shows that labelled avidin structures (400 mg ml −1 avidin with 2 mM FMN) have an emission signal to background ratio as high as of 10:1 over the baseline fluorescence of the negative control of BSA labelled with DyLight R 649 Streptavidin conjugate. The strong fluorescence implies that the crosslinked avidin was not significantly denatured during the fabrication process and retained its ability to bind biotinylated molecules. Also, the corresponding surface plot profiles of the fluorescence intensities were determined for square patterns fabricated by varying the average laser power and the scanning speed. The intensity plots reveal that the biotin binding capacity of avidin fabricated with a scanning speed of 5 µm s −1 diminished approximately 80% as the laser power decreased from 6.09 mW to 0.71 mW. Thus the decrease in the utilized average laser power resulted in a lower amount of crosslinked protein and less available biotin binding sites in the avidin structure. Similarly, the increase in scanning speed from 5 µm s −1 to 40 µm s −1 as the laser power remained at 6.09 mW attenuated the immobilization of the biotin about 80%.
As expected, avidin patterns photocrosslinked of 400 mg ml −1 avidin with only 1 mM FMN expressed lower biotin binding capacity and thus lower fluorescence intensities than the ones fabricated from avidin with 2 mM FMN (data not shown). For example, the pattern crosslinked of the protein solution with 1 mM FMN with the laser power of 6.09 mW and scanning speed of 5 µm s −1 had 46% lower fluorescence intensity than the corresponding square pattern fabricated from the avidin with 2 mM FMN. This is a consequence of the lower amount of protein incorporated in the patterns due to the lower photosensitizer concentration. Also, the biotin binding capacity of the avidin structures fabricated with 1 mM FMN varied as a function of the laser power and scanning speed as already detected for avidin patterns crosslinked with 2 mM FMN. The fluorescence intensity diminished by 68% as the laser power decreased from 6.09 mW to 0.71 mW and the scanning speed was kept at 5 µm s −1 , and by 53% as the scanning speed increased from 5 µm s −1 to 20 µm s −1
at the average laser power of 6.09 mW. Similar fluorescence assay has been previously performed by Kaehr et al for avidin (400 mg ml −1 , no additional photosensitizer) photocrosslinked with a frequency-doubled (532-nm) Nd:YAG laser with a pulse width of ∼600 ps [14] . They demonstrated that avidin matrices fabricated using an average laser power of 1.7 mW and a scanning speed of 5 µm s −1 retained their biotin binding capacity and showed fluorescence emission at least tenfold more intense than the negative BSA control. Hence, the ratio of emission of the labelled avidin to the baseline fluorescence of BSA detected by Kaehr et al is same as the emission ratios observed by us. AFM measurements of the stiffness of cantilevers fabricated of avidin with a Ti:Sapphire laser operated at 730-740 nm have also indirectly proven the sustainment of the biotin binding ability of these avidin matrices [46] . However, the effect of average laser power, scanning speed and photosensitizer concentration on ligand-binding ability of the avidin-biotin complex photocrosslinked with a Nd:YAG laser with a pulse duration as long as 800 ps is reported here for the first time.
The square patterns photocrosslinked of 100 mg ml
bBSA with 1-4 mM FMN contained too little protein to efficiently bind the streptavidin conjugated label. Thus, relatively low fluorescence intensity values were detected especially for the patterns fabricated with a low laser power or high scanning speed (data not shown). An example of a fluorescence image of the surface patterns photocrosslinked of the mixture of 100 mg ml −1 bBSA and 100 mg ml
BSA with 4 mM FMN is presented in figure 10 . Although some inconsistent variation of the intensities can be seen in the plots, generally the streptavidin binding capacity of the biotinylated BSA structures was decreased as the average laser power was lowered or the scanning speed was raised. For example, the fluorescence intensity diminished by 47% as the laser power decreased from 5.67 mW to 1.84 mW and the scanning speed was kept at 5 µm s at the average laser power of 5.67 mW. Overall, these fluorescence intensity plots demonstrate that the biotinylated BSA also retains its capability to bind avidin after the fabrication process. This is supported by the fact that if extensive thermal damage occurred during the polymerization, less binding of the streptavidin conjugated label would be expected at higher values of the laser power and at lower values of the scanning speed, which was not the case according to the figure 10 . The effect of laser intensities and scan speeds on avidin-biotin complex formation has also been investigated by Seidlits et al with a femtosecond Ti:Sapphire laser tuned to 740 nm [34] . According to their observations, the amount of Neutravidin bound by the bBSA matrix (200 mg ml −1 ) can be adjusted over at least a 3.5-fold range by varying the laser intensity and scanning speed during the fabrication process. These findings are in good accordance with our results, which show that the amount of bound DyLight R 649 Streptavidin conjugate can be controlled about 1.9-fold with the laser power and 5.5-fold with the scanning speed.
Conclusions
The experiments reported here demonstrate that submicrometer and micrometer scale structures can be fabricated by photocrosslinking avidin, biotinylated BSA and BSA via multiphoton excited photochemistry using the non-toxic biomolecule FMN as a photosensitizer. However, it was observed that with the Nd:YAG laser, avidin could be crosslinked into uniform surface patterns only at a protein concentration of 400 mg ml −1 and by utilizing scanning speed of either 5 or 10 µm s −1 . Instead, bBSA and BSA could also be efficiently crosslinked into surface patterns at a concentration of 200 mg ml −1 and with scanning speeds of 5, 10 and 20 µm s −1 . Most importantly, by comparing the results obtained with the Nd:YAG picosecond and Ti:Sapphire femtosecond lasers, this study shows that comparable resolution and surface characteristics can be achieved with both laser sources. Although both lasers required the utilization of quite slow scanning speeds, the Ti:Sapphire laser was able to crosslink uniform protein patterns even with a tenfold faster scanning speed than the lowrepetition-rate Nd:YAG laser. However, the inexpensive and compact Nd:YAG microlaser should be considered as an alternative choice for the fabrication of protein microstructures that could be utilized as chemical and topographical cues for cells. Furthermore, the retention of the avidin-biotin complex formation after the exposure to the high laser intensities from the Nd:YAG laser was shown via fluorescence imaging of protein surface patterns immobilized with biotinylated or streptavidin-conjugated fluorescence labels. Also, the biotin or streptavidin binding capacity of the protein patterns was demonstrated to vary depending on the average laser power or scanning speed. The fabrication process based on the Nd:YAG laser requires further optimization due to the observed pattern collapse due to the high aspect ratio. In the future, the fabrication efficiency could be improved by using higher protein concentrations and a photosensitizer with a larger 2PA cross-section or higher quantum yield. Also, an objective lens with higher numerical aperture and multipath scanning method could be utilized to improve the mechanical strength of the protein microstructures.
